As in other cities in Egypt, water demand in the metropolitan area of Alexandria is rapidly increasing over time, as a result of urban expansion, amelioration of living standards and industrial development. As the River Nile is the main source of freshwater supply, concerns arise regarding a potential reduction in Alexandria's allocation quota, which could affect population growth at the national level, agricultural development plans and water demand increase in the upstream areas. In this context, demand management and diversification of urban water supply are gradually gaining momentum among local authorities. The transition to a new paradigm for urban water management, including closed-loop systems at different levels to meet increasing water demands, has been the focus of a recent research effort, within the framework of the European-Commission-funded SWITCH Integrated Project. One relevant activity, whose results are presented in this study, concerned the development of an urban water balance model for the metropolitan area of Alexandria. The model, which was created using the Aquacycle software package, was further used for the preliminary assessment of decentralised solutions at different spatial scales, in order to evaluate their application potential and effectiveness in reducing freshwater imports to and wastewater outflows from the city.
optimal use of available resources. Such an optimal use should be characterised by minimal impacts on water bodies, but also on other resources and users. A key benefit of a holistic management approach is the range of opportunities available to develop more sustainable systems (Speers & Mitchell ) . Such opportunities embed various technical, social, environmental, economic and institutional aspects, including the application of technology options, such as recycling and reuse methods, stormwater harvesting for aquifer recharge and support of waterways, decentralised management, wider application of economic instruments, and most importantly transition to new governance frameworks, introduction of appropriate organisational arrangements and strengthening of cross-sectoral cooperation (Farrelly & Brown ) .
In already existing centralised urban systems, the application of alternative water servicing options is rarely investigated by decision-makers, particularly due to the tech- than 95% of the city's inhabitants (Taha et al. ) . The urban water supply system managed by AWCO currently includes eight water treatment plants, designed to produce 3.5 million m³/d. Current production levels range between 2.5 and 3 million m³/d, and produce water that meets the Egyptian quality standards for potable water supply.
Urban growth, future water supply and use are of particular concern. According to the projections of AWCO, water demand in Alexandria is expected to increase rapidly, and current water supply may not be sufficient to meet future water requirements. Water use also exhibits large seasonal fluctuations: the favourable location of Alexandria on the Mediterranean coast makes the city a popular destination for domestic tourism. Thus, during the summer, the population increases from about 4 to 6 million people, exerting significant pressures on the urban water system. As the total share of Nile water allocated to Egypt is fixed at 55 billion m³/yr, a future decrease of the freshwater made available to the city will be the most probable result of population growth and water demand increase in the upstream cities of Cairo and Tanta (Mahgoub et al. ) . Overall, the amount of rainfall received in the area is limited to about 200 mm/yr. Generated stormwater flows through the combined wastewater/stormwater system or seeps into the coastal aquifer through the few remaining infiltration areas of the city. Sea water intrusion in groundwater is a major problem; studies investigating the freshwater-saline interface suggest that the intrusion front has advanced to about 63 km inland in the Nile Delta aquifer (Sherif et al. ) . Sea level rise is expected to further disrupt the current balance across all the low-lying areas of the delta. Consequently, the overall policy is to restrict groundwater extraction in the entire area, including Alexandria, in order to prevent the further advancement of the intrusion front. Currently, total dissolved solids for most groundwater 
MATERIALS AND METHODS

Model selection
Several models and tools have been developed to assess the effectiveness and feasibility of decentralised water reclamation and reuse options in the urban environment. Finally, centralised options, applicable at the catchment scale, can also be examined, and include wastewater reuse and stormwater storage in order to meet water demands of one or more clusters. The structure of the computer program is illustrated in Figure 3 .
The approach for the modelling of the Alexandria urban water system
The study area of this paper covers the entire metropolis, which receives its water supply from the AWCO system. shown in Figure 4 and Table 1 , which summarises their main characteristics.
RESULTS
Simulation of the current urban system According to the AWCO, the overall water production in Alexandria in 2007 was 558.2 million m³/yr, whereas the total freshwater usage, as estimated by Aquacycle is 480.4 million m³/yr. The difference may be due to the total AWCO water production referring also to other areas, not included in the Aquacycle representation, and to unregistered industrial and agriculture consumption met through the public water supply system. These have not been included due to lack of explicit data and information, but also to the model limitations, explained below. Table 2 . If results for Cluster H1 (Four Seasons Hotel) are excluded, the validation is enhanced, as the current hotel occupancy is only 20% whereas the model calculates the water consumption assuming full occupation of the hotel. The error of other hotels is considered acceptable and it is less than 10%.
Validation at the AWCO branch level
Validation at this level was performed by comparing water consumption per AWCO branch and water consumption (1.6% error).
Validation at level of drinking water treatment plants
The validation at the level of drinking water production was carried out by modelling the water consumption in areas serviced by individual water treatment plants and comparing results with the actual drinking water production levels.
The area of each cluster that corresponds to individual drinking water plants has been identified by overlaying the corresponding layers. Results are presented in Figure 9 and Table 4 . Accordingly, Cluster A1 is served by three drinking water treatment plants and cluster B1 by two.
The validation was based on water production from the Sharky water treatment plant, which provides drinking water only within the boundaries of the modelled area.
The comparison between the estimated (120.96 million m³/yr) and the actual production (112.68 million m³/yr) yields a difference of 5% which is considered acceptable. 
Effectiveness of technological options for reuse
As mentioned above, the Aquacycle software package can be used to model technology options at different spatial scales:
on-site, i.e. at the unit block scale, at the cluster level or for the entire catchment. Technological options are particularly targeted at potable water saving, reduction in wastewater production and stormwater runoff. For Alexandria, Aquacycle was used to perform a preliminary assessment of on-site methods, which were simulated and compared with the baseline case of the current system. Indicators used concerned: (1) the reduction in imported water, which is further related to the minimisation of freshwater withdrawals, Therefore, it can be concluded that wastewater reuse, even when applied at the unit block scale can have a significant impact on catchment inflows and outflows; however, this approach would require more infrastructure than rainwater use does, due to the large wastewater production volumes.
Model limitations
The model presented above was developed, calibrated and validated according to official data, made available by indoor water usage profiles in different clusters and across time, seasonal population variation and urban expansion.
Nonetheless, the developed model has limitations, which arise from the modelling environment itself. These are related to its ability to address short-term changes in water use, which in turn affect water supply requirements, wastewater production and system reliability. Furthermore, Aquacycle is not an event-based model; it only provides estimates of the total (daily) quantity 'moved' through the urban water cycle. It also cannot address estimate peak flows or produce event hydrographs. Water quality assessments and life cycle cost estimates also have to be performed externally, as such functions are not embedded.
DISCUSSION
The simulation results presented above show that the application of on-site technologies can contribute to a reduction in freshwater withdrawal and produced wastewater in the metropolitan area of Alexandria, and are worthy of further investigation in terms of applicability potential. Of the 
CONCLUDING REMARKS AND FURTHER RESEARCH
This study concerned the development of a model to represent the urban water system of Alexandria, based on the Aquacycle software. In addition to the validation of the model, the study included the preliminary investigation of localised water reclamation and reuse options. Options were assessed using a basic set of indicators on the reduction of freshwater imports and discharge of wastewater and stormwater, which can be correlated to the challenges currently faced in the metropolitan area. Results demonstrated a significant potential applicability for on-site recycling and reuse, which would need to be further assessed in terms of costs and environmental impacts, and compared with other alternatives suggested by local authorities.
